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Abstract 

We study kaon-charmonium and 77 -charmonium dissociation reactions. The K- 
charmonium dissociation and the 77 -cliarmonium dissociation include the following 
27 reactions: KJ/il) —> D*Df, DD* + and D*D* + ; Kip' —> D*Df, DD* + and 
D*D*+- K X c -A D*Df, DD*+ and D*D*+- rjJ/i ; ->• D*D, DD*, D*D*, D*~ Df, 
DjD*+ and D*~D*+; r$ -A D*D, DD*, D*D*, D*~D +, DjD*+ and D*~D* + - 
r)Xc —>■ D*D, DD*, D*D*, D*~D+, D~D* + and D*~D* + . Cross sections for 
the reactions are calculated in the Born approximation, in the quark-interchange 
mechanism and with a temperature-dependent quark potential. The temperature 
dependence of peak cross sections of endothermic reactions is linked to the temper¬ 
ature dependence of quark-antiquark relative-motion wave functions, meson masses 
and the quark potential. Although the 77 meson and kaon have similar masses, the 
energy and temperature dependence of the 77 -charmonium dissociation cross sections 
are quite different from those of the A'-charmonium dissociation cross sections. Us¬ 
ing the 77 -charmonium and 7r-charmonium dissociation cross sections, we calculate 
the ratio of the corresponding dissociation rates in hadronic matter and we find that 
such rates are comparable at low J/U momenta. 
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1 Introduction 


Nucleon-,//?/; dissociation cross sections have been calculated in Refs. [lj[2] from the 
gluon-.//?/; dissociation cross section obtained in short-distance QCD. J/-0 can be dissoci¬ 
ated by a gluon with energy larger than the quark-antiquark binding energy of J/'ijj JT]-/3| . 
As the nucleon energy increases, it generates an increasing number of gluons overcom¬ 
ing the binding so that J/ip can be dissociated more easily. Therefore, the nucleon -.//tjj 
dissociation cross section increases with total energy of N and J/?/ in the centre-of-mass 
frame. This is a result of the short-distance approach in which the operator product ex¬ 
pansion of perturbative QCD is applied to heavy quarkonia of small sizes mi- A similar 
energy dependence of N + J/ijj and 7 t + J/jJj dissociation cross sections has been obtained 
in Ref. [3] despite hadron mass corrections to the cross-section formula of Peskin and 
Blianot. 

Including the Coulomb potential, the Fermi contact term acting as the spin-spin in¬ 
teraction and a colour-independent confining force active only between a quark and an 
antiquark, cross sections for 7 r+ J/i[; — > D* + D 1 7 r + J/ip —> D + D* and 7 T+J/'ip —> D* + D* 
have been calculated in Ref. J5J in the quark-interchange mechanism BIZ]- The colour 
interaction that includes the colour Coulomb, spin-spin hyperhne and linear confining 
interactions has been considered in Refs. [8[|9j for the dissociation of charmonia in col¬ 
lisions with 7 T and p mesons. These quark-model calculations of the quark-interchange 
mechanism give the result that the cross section increases from a threshold energy for 
every endothermic reaction from zero, reaching a maximum and decreasing with total 
energy of the meson and charmonium in the centre-of-mass frame. This is the energy 
dependence of the cross section obtained in the quark-inter change approach of the quark 
potential models BE], where the quark interchange mechanism between the two initial 
mesons breaks the charmonium. 

A study of 7 t+J/'i/j —> D* + D, 7r+ J/-0 —* D + D* and p+J/'ip —> D + D at low energies 
of the mesons was initiated in Ref. jlOj. Meson exchange between the two initial mesons 
breaks the charmonium and Lagrangians with meson couplings are constructed to describe 
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the motion of meson fields. This is the essence of the meson-exchange approach [T01 - H6] . 
Effective meson Lagrangians with different symmetries lead to different cross sections for 
the same reaction [IMS]. Near threshold energies cross sections increase for endothermic 
reactions and decrease for exothermic reactions. When the total energy of the two initial 
mesons in the centre-of-mass frame rises far away from threshold, the increase or decrease 
of the cross sections is due to form factors inserted in three-meson and four-meson vertices 
of Feynman diagrams. 

The energy dependence of cross sections for some hadron-charmonium dissociation 
reactions in vacuum has been studied in the short-distance, the meson-exchange and 
the quark-inter change approaches. In hadronic matter not only the energy dependence 
is interesting, but also the temperature dependence of hadron-charmonium dissociation 
cross sections is important HU. From vacuum to hadronic matter the quark potential, 
mesonic quark-antiquark relative-motion wave functions, meson masses and cross sections 
for 7T-charmonium and p-charmonium dissociation change significantly. The temperature 
dependence of the cross sections has been shown to be unexpected [T8] . For instance, 
even though a p-charmonium reaction is exothermic in vacuum, it may be endothermic in 
hadronic matter; the peak cross section of any 7T-charmonium dissociation reaction first 
decreases with increasing temperature, but then increases rapidly when the temperature 
approaches the critical temperature. Therefore, we continue here the study of temperature 
dependence. We choose kaon-charmonium dissociation reactions as the first objective 
of the present work. The energy dependence of the cross sections for the reactions in 
vacuum has been studied in Ref. [8], but in hadronic matter it is not available. The 
temperature dependence of the kaon-charmonium dissociation cross sections has not been 
studied either. 

It has been shown by experiments that the ratios K + /ir + , K~/n~ and rj/n° at midra¬ 
pidity increase with increasing transverse momentum px and the increase is visible only 
in a certain range of transverse momentum. For central Au+Au collisions at ^/snn = 200 
GeV the ratio K + /tt + (K~/tt~) measured by the PHENIX Collaboration is availabe from 
Pt = 0.45 GeV/c to 1.95 GeV/c and it is 0.234 (0.221) at px = 0.65 GeV/c and 0.55 (0.55) 
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at pr = 1.65 GeV/c at midrapidity [T9]. For central Pb+Pb collisions at yTT/viv = 2.76 
TeV the ratio (K + + K~)/(tt + + n~) measured by the ALICE Collaboration increases 
with increasing transverse momentum from px = 0, forms a peak at px ~ 3 GeV/c and 
goes to the value 0.45 at px > 4 GeV/c [20] . At present, for central Au+Au collisions 
at y'siviv = 200 GeV the smallest p transverse momentum measured by the PHENIX 
Collaboration is 1.65 GeV/c and the ratio tj/tt 0 is 0.46 at p T = 1.65 GeV/c at midrapid¬ 
ity [21] . From the measured ratios we conclude that the ij species is as rich as the K + and 
K~ species in hadronic matter and we need to study p-charmonium dissociation reactions 
which form the second objective of the present work. The short-distance approach and 
the quark-interchange approach have not been studied for the p-charmonium dissociation 
reactions. The rj + J/ip dissociation in vacuum was considered in Ref. [T2] . but no cross 
sections were presented. However, we will show that rj + J/ip dissociation reactions need 
to be considered in the study of J/-0 suppression in hadronic matter. 

This paper is organized as follows. In the next section we present cross-section formulas 
for the charmonium dissociation in collision with a meson. In Section 3 kaon-charmonium 
and p-charmonium dissociation reactions are listed, numerical cross sections are shown, 
relevant discussions are given and the numerical results are parametrized in Appendix A. 
Using the p-charmonium dissociation cross sections and the 7r-charmonium dissociation 
cross sections given in Ref. [T8], we calculate the ratio of the corresponding dissociation 
rates in hadronic matter. A summary is in the last section. 

2 Cross-section formulas 

In quark degrees of freedom the meson-charmonium dissociation is expressed as qq + 
cc —y qc T cq where q stands for the up quark, down quark or strange quark. The flavour 
of the quark q may be different from the flavour of the antiquark q. The cross section for 
qq + cc — > qc + cq is [22] 



( 1 ) 
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where S is the total spin of either the two initial mesons or the two final mesons, and 
it is conserved in the reaction; ms denotes the magnetic projection quantum number 
of the total spin. The Mandelstam variables are s = (E qq + E c5 ) 2 — ( P qq + P cg ) 2 and 
t = (Egg — Eqc) 2 — ( P qq — P q c) 2 , where Pi = (Ei,Pi) is the four-momentum of meson 
i (i — qq,cc,qc,cq); 9 is the angle between the three-dimensional qq momentum P and 
the three-dimensional qc momentum P' in the centre-of-mass frame. 

in Eq. (1) stands for the transition amplitude, which takes different values for the 
two forms of meson-meson scattering, namely, the prior form in Fig. 1 and the post form 
in Fig. 2 [23H25] , The scattering in the prior form means that gluon exchange occurs 
before quark interchange. The corresponding transition amplitude is 

•Mg = 4 a / EqqEccEqcEcql^jjqcl^cqliVqc + V cq + V qc + Vqc)\lpqq) \fpcc) , (2) 

where the meson wave functions, i[j q c, i/jcq, ^qq and Vbc, represent the products of quark- 
antiquark relative-motion wave functions in momentum space and wave functions in the 
colour space, spin space and flavour space. V q5 is the potential of q and c and the meaning 
of V C q and so on can be understood in the same way. The scattering in the post form 
contains gluon exchange after quark interchange. The corresponding transition amplitude 
is 

■Mg = 4y/EqqE C cE q cE C q(xllqc\ {^cq\ (Yqq + Vcc + Vqc + Vqc ) \^qq) \^cc) ■ (3) 

The potential in momentum space in Eqs. (2) and (3) is the Fourier transform of the 
potential provided in Ref. [IS] , 

V ab (P) = V si (r) + V ss (r ), (4) 


where V s \(r) is a central spin-independent potential and V ss (r) is a spin-spin interaction. 
The temperature dependence is explicitly expressed in Ki(r), 


T r ( ->\ M 3 n 

l/ si r =--- D 

slV ’ 2 2 4 


, T 

L3 -'s 


, , fA x K A & 67T v(Xr) 

tanh(Rr) + — ■ — 7 ^^— exp (-Er), (5) 


where D = 0.7 GeV, T c = 0.175 GeV, A = 1.5[0.75 + 0.25(T/T C ) 10 ] 6 GeV, E = 0.6 GeV 
and A = \/36o/16vr 2 a' in which a' = 1.04 GeV~ 2 and bo = 11 — | Nf with Nf = 4; X a 
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are the Gell-Mann matrices for the colour generators of constituent a. The dimensionless 


function v(x) [26] is 


v(x) = 
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( 6 ) 


where K = 3/167r 2 cd and p{Q 2 ) is the physical running coupling constant at the gluon 
momentum 0. 

Lattice QCD calculations gave a temperature-dependent quark potential at interme¬ 
diate and large distances [27] . In contrast to the linear confinement in vacuum, the quark 
potential at large distances is independent of the distance and is a plateau. With increas¬ 
ing temperature the plateau becomes lower and lower and confinement gets weaker and 
weaker. From a large distance to an intermediate distance the variation of the potential 
with respect to temperature gets smaller. At r ^ 0.3 fm the variation disappears. The 
lattice QCD results (the above potential) [27] give the spin-independent potential in Eq. 
(5) at intermediate and large distances. At short distances quark interaction is described 
by perturbative QCD in vacuum. The spin-independent potential in Eq. (5) at short 
distances is thus given by one-gluon exchange plus perturbative one- and two-loop correc¬ 
tions in vacuum [26]. The temperature dependence of the potential in Eq. (5) comes from 
the lattice QCD results. The potential well fits the lattice QCD results at T/T c > 0.55 [28] 
and is constrained by perturbative QCD at short distances and the lattice QCD results 
at intermediate and large distances. We may adjust the parameters A and E to get a 
good fit of the lattice QCD results, for example, reduce A by 5% and increase E by 10% 
or increase A by 5% and reduce E by 10%. But the changes of the two parameters lead 
to very small changes of meson masses and cross sections for meson-meson reactions [28] . 
Hence, the potential has the uncertainty of the values of A and E, but the uncertainty 
causes very small changes in meson mass and in cross section. The expression 
in the second term of Eq. (5) is obtained in perturbative QCD and arises from one-gluon 
exchange plus perturbative one- and two-loop corrections in vacuum [26] . The factor 
exp(— Er) assures that the potential at small distances is given by perturbative QCD in 
vacuum. The second term in Eq. (5) is independent of temperature. 
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From a correlator of a very heavy quark-antiquark pair a time-dependent potential 
was obtained in quenched lattice QCD [251150] . Only at very large times and at T < T c 
the potential agrees with the free energy in the Coulomb gauge. Using the free energy 
from lattice calculations as the potential of a charm quark and a charm antiquark in 
the Schrodinger equation correctly describes the nonrelativistic wave function of J/iji 
and reproduces the J/-0 mass from the QCD sum rule in the vicinity of the critical 
temperature [31]. When the system’s temperature is smaller than the critical temperature, 
the product of the temperature and a meson’s entropy is small or negligible in comparison 
with the quark-antiquark free energy and the free energy can be taken as the quark- 
antiquark potential to a good approximation [32]. The three methods suggest that the 
free energy obtained in the lattice QCD calculations can be taken as the quark potential 
in hadronic matter. 

The spin-spin interaction V ss (r) arises from perturbative one-gluon exchange plus one- 
and two-loop corrections [33] and includes relativistic effects 


_ _ Aa X b 167r 2 d 3 2 2 s a • s b Xg X b 47t 1 d 2 v(Xr ) s a • s b 

ss 2 2 25 7r 3 / 2 ^ m a m b 2 2 25 r dr 2 m a m b ’ 


( 7 ) 


where s a and m a are the spin and mass of constituent a, respectively, and the quantity d 
is related to quark masses by 

4" 


,2 _ 2 
( l — a 0 


1 1 
2 + 2 


4 m a m b 


(m a + m b ) 2 

where ao = 0.15 GeV and o\ = 0.705. 
Finally, the unpolarised cross section is 


+ a l 


2 m a m b 
m a + m b 


( 8 ) 


cr unpol (\/s, T) = 


(2 Sqq + 1)(2 See + l)(2L cg + 1) ^ 

O L/ccz 

a prior (5, m s , x/i, T) + a post (^, m s , yfi, T) 


x 


(9) 


where S q g (S c5 ) is the qq ( cc ) spin and cr pnor (cr post ) is obtained by the replacement of A'ffi 
in Eq. (1) by Mi™ («?“)• L C c Z is the magnetic projection quantum number of the 
orbital angular momentum L c5 of the meson cc. 
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3 Reactions, results and discussions 


Given the charm quark mass m c = 1.51 GeV, the up and down quark masses m u = 
rrid = 0.32 GeV and the strange quark mass m s = 0.5 GeV, the Schrodinger equation 
with the potential in Eq. (4) at T = 0 reproduces [IB] the experimental masses of 
J/-0, ip', Xa the pion, the rho, the kaon, the vector kaon, the rj meson, the charmed 
mesons and the charmed strange mesons |35j . The potential at T = 0 and the mesonic 
quark-antiquark relative-motion wave functions obtained from the Schrodinger equation 
reproduce the experimental data of S -wave 1 = 2 elastic phase shifts for 7T7 t scattering in 
vacuum [361139] , 


3.1 Dissociation reactions 


We establish the notation K = 



eludes the reactions: 




The /l-charmonium dissociation in- 


K + J/il> —>■ D* + D+, 

K + J/i/j -)• D + D * s + , 

K + J/i\j D* + D* s + 

K + ^ -> D* + D+, 

K + $ D + D * + , 

K + rj}' -> D* + D* s + , 

K + X c^D* + D+, 

K + Xc^D + D*+, 

K + Xc -> D* + d; + . 


The /i-(-harmonium dissociation includes 


+ D, 

K + J/ij> ->• D~ + D\ 

K + J/^ -> D*~ + D* 

~ + D, 

K + '<P' ->■ D~ + D*, 

K + $ -»• D*~ + D*, 

~ + D, 

It + Xc —> D s + D*, 

K + Xc -> D*~ + D*. 


Cross sections for the K — charmonium dissociation reactions are obtained from the K — 
charmonium dissociation reactions, for instance, the cross section for K+ J/ijj —y D~ + D* 
is identical to the cross section for K + .//-?/; —> D* + Df. Since the ij meson has the 


components of uu, dd and ss, the 77 -charrrioniurri dissociation includes uu- or (id-induced 
reactions, viz. 

77 + J/vj) -» D* + D, 77 + J/vj) —)•/) + D*, 77 + J/0 —)•/)* + D*, 

77 + 0' —> D* + D, 77 + ip' —> D + D*, 77 + 0' —>D* + .D*, 

77 + Xc ->• -D* + D, 77 + x c — > D + £>*, 77 + Xc -D* + £>*, 
and ss-induced reactions, 

77+j/^ 77+j/0 ->• +t>* + , 77+ 


-/7 + ^'^D s * +L>+, 77 + 0' ->■ £> s + ^ + , 77 + 7// -» D* + D* + , 

77 + xc £>r + D t, v + Xc^d; + d* s + , n + xc^ d* s ~+ d* s + . 

The valence quark-antiquark wave function of the 77 meson is 


0?j — —^(fiuu^C^SUU -\ - —(p d( jxf)c<psdd - —(frss^c&sSS, 


where 4 >uu ( 0 <m> 4 >ss) is the relative-motion wave function of the up (down, strange) quark 
and the up (down, strange) antiquark in momentum space; 0 c and 0 s are the colour wave 
function and the spin wave function, respectively. 0 uS , 0 d( 7 and 0 sj satisfy 


d Puu 


3 0u« (Puu ) 0mt (Puu ) 


d 3 Pdd ,* 


3 ( l > dd(Pdd) ( l ) dd(Pdd) ~ 


d 3 Pss 


3 4 > ss(Pss) 4 > ss(Pss) 1 ) 


where (pdd? Pss ) is the relative momentum of the up (down, strange) quark and the 
up (down, strange) antiquark. The first (second, third) term is used in the transition 
amplitude to obtain the cross sections 0 y +cg _> U c +cS (cr +cS _ > . ds+c j, a v+C c-+ S c+cs) f° r the uu- 
induced ((id-induced, ss-induced) reactions. The cross section for the 77 -charmonium 
dissociation is 


&rjcc g &rj+cc—>uc+cu i g ^"77+cc—>-dc+cd ' g ^77+cc—)-sc+cs* 

The cross section for the production of D*D, DD* or D*D* equals the first and second 
terms while the one for the production of D*~Df, D~D* + or D*~D* + equals the third 


term. 


9 



3.2 Numerical cross sections and discussions 


Solving the Schrodinger equation with the potential in Eq. (4), we obtain temperature- 
dependent meson masses shown in Figs. 1 and 17 in Ref. [18] and quark-antiquark relative- 
motion wave functions for charnronia, charmed mesons, charmed strange mesons and the 
mesons in the ground-state pseudoscalar octet and the ground-state vector nonet. The 
quark-antiquark relative-motion wave functions used in the transition amplitude are the 
Fourier transforms of the relative-motion wave functions obtained here. Since the up 
quark has the same mass as the down quark, p uU equals p dd but differs from 4> S s- Then, 
the cross sections cr v + c c.-+uc+cu for the wh-induced reactions are the same as o’ v+c ^ dd+cd f° r 
the dJ-induced reactions. 

Cross sections for exothermic reactions are infinite at threshold energies and we start 
calculating the cross sections at yfs = m q q + m cZ + A yfs with Ay/s = 10 -4 GeV. Un¬ 
polarised cross sections for the /7-charmonium dissociation reactions and r/-charmonium 
dissociation reactions are displayed in Figs. 3-23. The cross sections for exothermic reac¬ 
tions decrease very rapidly from infinity when yfs increases from the threshold energies. 
To indicate this feature of an exothermic reaction, the rapid decrease should be displayed. 
However, when we start plotting the cross sections at the threshold energies plus 5 x 10 -3 
GeV, the decreasing part of the curve for r/ + y c —» D* + D at TjT c = 0.9 in Fig. 16 
disappears. Likewise when we start plotting the cross sections at the threshold energies 
plus 10~ 3 GeV, the decreasing part of the curve for rj + ip' — > D* + D at T/T c = 0.65 in 
Fig. 14 disappears. Therefore, we choose the threshold energies plus 10~ 4 GeV to start 
plotting the cross sections so that the rapid decrease is visible. 

In vacuum the cross section for KJ /ip — > DD* + obtained from the effective meson 
Lagrangian in Ref. increases with increasing yfs and reaches a magnitude of about 
8 mb. In the present work the cross section for KJ /ip —>■ DD* + shown by the curve at 
T = 0 first increases to a maximum value of about 0.27 mb with increasing yfs and then 
decreases. Therefore, the magnitude of the present cross section is much smaller than 
the magnitude obtained in Ref. na. The i]J/ip dissociation in vacuum was considered in 
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Ref. [12], but no cross sections were shown. In Ref. [8] cross sections for the production 
of D* Dp. DD* + and D*D* + in the A'-charmonium dissociation in vacuum were obtained 
in the quark-interchange mechanism. The peak cross section of the endothermic reaction 
KJ/il) — > D*Dp + DD* + + D*D* + is about 0.7 mb at the kinetic energy of the order of 
0.44 GeV. The cross section for the exothermic reaction Kip' — > D*Dp + DD* + + D*D* + 
decreases very rapidly and then increases slowly to form a wide peak that corresponds to 
a cross section of about 1 mb. The exothermic reaction K\ c i —>■ D*Dp + DD* + + D*D* + 
has a peak cross section of about 3 mb at the kinetic energy of the order of 0.17 GeV. 
By comparison, we obtain a peak cross section of about 0.6 mb at the kinetic energy of 
the order of 0.44 GeV for KJ/ip —> D*Dp + DD* + + D*D* + , no peak cross section for 
Kip' —> D*Dp + DD* + + D*D* + and a peak cross section of about 3.4 mb at the kinetic 
energy of the order of 0.08 GeV for K\c —> D*Dp + DD* + + D*D* + . We note that we use 
the average value of the y c0 , Xci and Xc 2 masses as the Xc mass and the average value is a 
little higher than the Xci mass. The present results are comparable to the K - char moniurn 
dissociation cross sections in Ref. [8]. The present work and the quark-inter change model 
in Ref. [8] have the same colour matrix elements and the same spin matrix elements, 
but have different quark potentials that lead to different spatial matrix elements in the 
transition amplitude. Hence, the energy dependence of the K -charmonium dissociation 
cross sections obtained in the present work is not the same as that displayed in Ref. [8]. 

In Figs. 3-11 only K + ip' —> D* + Dp, K + ip' —» D + D* + , K + ip' —^ D* + D* + , 
K + Xc ~t D* + Dp and K + Xc —>• D + D* + at T = 0 are exothermic. While temperature 
goes from 0.65T C to 0.75T C , the increases of the kaon and charmonium radii cause the 
increases of the peak cross sections of the K + J/ip and K + y c reactions, but the peak 
cross sections of the K + ip' reactions decrease. This relates to the node in the ip' wave 
function. The node leads to cancellation between the negative wave function on the left 
of the node and the positive wave function on the right of the node in the integration 
involved in the transition amplitude. While the cancellation at T = 0.75 T c is larger than 
at T = 0.65T C , the peak cross sections of K + ip' —y D* + Dp, K + ip' —>■ D + D* + 
and K + ip' —y D* + D* + decrease from T = 0.65 T c to 0.75T C . While temperature 
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increases from T = 0.75T C , the increase of |A4fi | 2 caused by the slow increases of the 
two initial-meson radii cannot overcome the reduction by the weakening confinement and 
the peak cross sections thus decrease. However, the rapid increases of the kaon and J/% 
radii from T = 0.9 T c to 0.957k cause the increase of |A4fi | 2 to overcome the reduction 
by the weakening confinement, and the peak cross sections of K + J/ij) —» 77* + 77+, 
K + .7/?/; —>■ 77 + 77*+ and K + .//?/7 —y 77* + 77*+ rise rapidly from T = 0.97k to 0.957% 

We need to mention the difference between the cross section for K + J/ip —> 77* + 77+ 
and the one for K + .//-(/; —y 77 + 77*+. The difference arises from the different spins 
of the charmed mesons and the different spins of the charmed strange mesons between 
the two reactions. The masses of the 77, 77*, 77+ and 77*+ mesons are different and 
the sum of the 77* and 77+ masses is smaller than the sum of the 77 and D* + masses. 
Hence, the endothermic reaction K + ,//?/; —> D* + D+ takes place more easily than 
K + J/-0 — y D + D* + and at T/T c = 0 (0.65, 0.75, 0.85, 0.9, 0.95) the peak cross section 
of K + J/il) —> D* + Df is 18% (47%, 42%, 11%, 135%, 95%) larger than the one of 
K + J/il) —> D + D* + . The difference between the cross section for K + ip' —> D* + D+ 
and the one for K + ip' —> D + D* + (K + y c —>■ D* + D+ and K + x c ~> D + D * + ) can 
be similarly understood. 

The cross sections for the //-charmonium dissociation reactions have the following 
behaviour. As shown in Figs. 12-17, only three reactions r) + J/ijj —>■ D* + D, r) + J/rj) —> 
D + D* and r] + J/^ —> D* + D* are endothermic below some temperature. The peak 
cross sections of the reactions increase with temperature from T = 0 to 0.85T C . As shown 
in Figs. 18-23, only three reactions 77 + —>■ D*~ + Df, rj + ip 1 —* D~ + D* + and 

77 + 7 // —> D*~ + D* + are exothermic below some temperature. The peak cross sections 
of the reactions decrease with temperature going from T = 0.65T C to T c . The peak cross 
sections of 77 + J/-0 —» D*~ + Z7+, 77 + J/ip —» D~ + Z7* + , 77 + J/tj) —> + Z7* + , 

77 + Xc —> + 77+, 77 + y c —> 77“ + 77*+ and 77 + y c —» 77*“ + 77*+ hrst rise and then fall 

with temperature increasing in the region 0 < T <T C . 

Since the ratio of the 77 mass to the kaon mass is about 1.1 for 0 < T/T c < 1, 
i.e. the two masses are close, it is interesting to compare the peak cross sections of the 
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endothermic '//-charmonium dissociation reactions with those of the endothermic kaon- 
charmonium dissociation reactions. The peak cross section of 77 + J/rj} —> D* + D at 
T/T c = 0 (0.65, 0.75, 0.85) is 1.64 (1.57, 1.55, 12.11) times the peak cross section of 
K + J/i)} —» D* + Df at the same temperature. The peak cross section of rj + J/'ijj —> 
D* + D* at T/T c = 0 (0.65, 0.75, 0.85) is 0.56 (1.47, 3.87, 49.4) times the peak cross 
section of K + J/-0 —> D* + D* + . This means that for 0.6 < T/T c < 1 the cross sections 
for rj + J/i[j —> D* + D and rj + J/'ip —>• D* + D* around their cross-section peaks are larger 
than the cross sections for K + J/i[) —> D* + D+ and K + J/-0 —tD* + D* + , respectively. 
Except for r] + J/ijj —> D*~ + D* s + and K + J/ij) —> D* + D* + at T/T c = 0.85, the peak 
cross sections of r ] + charmonium —> D*~ + Df and r] + charmonium —> D*~ + D* + are 
smaller than the ones of K + charmonium —> D* + D+ and K + charmonium —y D* + D* + , 
respectively. 

Since the r/-charmonium dissociation and the 7r-charmonium dissociation may produce 
the same charmed mesons, it is interesting to compare the peak cross sections of the en¬ 
dothermic //-charmonium dissociation reactions with those of endothermic 7T-charmonium 
dissociation reactions. Cross sections for the 7r-charmonium dissociation reactions are 
given in Ref. [18]. At any temperature between T/T c = 0.6 and 1 the peak cross sec¬ 
tion of rj + J/ip —* D* + D {rj + J/'ifr —* D* + D*) is more than 1.8 times the one of 
7 t + J/ip —» D* + D ( 7 t + J/'ijj —> D* T D*). In the //-charmonium dissociation reac¬ 
tions the ss component of the // meson leads to the production of D*~ + Df, D~ + D* + 
or D*~ + D* + . These charmed strange mesons are not produced in the 7r-charmonium 
dissociation reactions. Based on the estimate of the //-charmonium and 7r-charmonium 
dissociation cross sections, in the following we evaluate the difference between the disso¬ 
ciation rates of charmonium with 7 r and // in hadronic matter. 

In hadronic matter the 7 r and // mesons satisfy the Bose-Einstein distribution 


/«(*) = 


jV ™?qq+k 2 / T _ ’ 


where m q g is the qq mass. The qq number density is 


n qq 9qq 


d 3 k 

(27t) ; 


fqq{k), 


(13) 


(14) 
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where g q q is the spin-isospin degeneracy factor and equals 3 for the pion and 1 for the 77 
meson. The thermal-averaged meson-charmonium dissociation cross section is 


< VrelCT UnPOl ( VS, T) >= 






(2tt) 


(15) 


where t’ re i is the relative velocity of the qq meson and the charmonium. The dissociation 


rate of the charmonium in the interaction with the qq meson in hadronic matter is 


U„ < tI r el<s“ n|IOl (Vs,r) >, 


(16) 


which determines charmonium suppression in mesonic matter [33]. The larger the dis¬ 
sociation rate is, the stronger suppression this mesonic matter causes. The ratio of the 
dissociation rates of charmonium in the interactions with 77 and n is 


n n < v re ia q ci 0 \Vs,T) > 

n-K < v ie ia™?°\y/s,T) >’ 


(17) 


where n v and n^ are the number densities of rj and 7 r mesons, respectively; cr“bP o1 and 
a“cg o1 are the unpolarised cross sections for a //-charmonium dissociation reaction and a 
7 T-charmonium dissociation reaction, respectively. We calculate the ratio for the six sets 
of reactions: 


(1) 7] + J/i/ ->■ D* + D, 

(2) 77 + J/tJj D* + D\ 

(3) tj + $ -> D* + D, 

(4) ri + i/j’ ^ D* + D*, 

(5) V + Xc D* + D, 

( 6 ) v + Xc^D* + D*, 


7r + J/il) D* + D; 

n + J/tJ) -> D* + D*- 
7T + —» D* + D; 

n + 'll)’ D* + D*; 

7 r + X c —)■ D* + D ; 

7T + Xc —^ D* + D*. 


Results are shown in Figs. 24-29. The two reactions in each set have the same final states. 
The ratio decreases with charmonium momentum increase. For 77 + if)' —> D* + D and 
7 T + -0' — y D* + D the ratio in Fig. 26 is smaller than 0.018. For 77 + 7 // —y D* + D* and 
7 T + -0' —* D* + D* the ratio in Fig. 27 is smaller than 0.82. For 77 + Xc —>■ D* + D and 


14 






7 r + Xc y D* + D the ratio in Fig. 28 is smaller than 0.08. For rj + Xc ~> D* + D* and 
tc + Xc > D* + D* the ratio in Fig. 29 is smaller than 0.72. For rj + J/ip —> D* + D and 
7T + J/ip —>• D* + D the ratio at T/T c = 0.65, 0.75, 0.9 and 0.95 in Fig. 24 is smaller than 
0.73 and the ratio at T/T c = 0.85 is larger than 1 when the J/ip momentum is smaller than 
0.7 GeV/c. For rj + J/ip —y D* + D* and 7r + J/ij) —y D* + D* the ratio at T/T c = 0.65 
and 0.95 in Fig. 25 is smaller than 0.51 and the ratio at T/T c = 0.75, 0.85 and 0.9 is 
larger than 1 when the J/ip momentum is smaller than 0.6 GeV/c, 3.3 GeV/c and 6.6 
GeV/c, respectively. Therefore, compared to the dissociation rate of 'tf/ (y c ) with n, the 
dissociation rate of (y c ) with rj may be neglected; but the dissociation rate oi J/ip with 
rj is comparable to the dissociation rate of J/ip with n at low J/ip momenta. To study 
the J/ip suppression in hadronic matter, the rj + J/ip dissociation reactions need to be 
considered. 


4 Summary 

We have studied the production of D*Df, DD* + and D*D* + in the A'-charmonium 
dissociation and the production of D*D , DD*, D*D*, D* s ^Df, DjD* + and D*~D* s + in the 
r/-charmonium dissociation. The A'-charmonium dissociation includes 9 reactions and the 
77 -charmonium dissociation includes 18 reactions. The cross sections for the 27 reactions 
are calculated with the temperature-dependent quark potential, in the Born approxima¬ 
tion and in the quark-interchange mechanism. The cross sections for the K -charmonium 
dissociation reactions are identical to the cross sections for the K - charmonium dissociation 
reactions. The numerical cross sections are parametrized as functions of yfs. The tempera¬ 
ture dependence of the peak cross sections of the endothermic A'-charmonium dissociation 
reactions is closely related to the temperature dependence of the K radius, the charmonia 
radii, the confinement and the node of the ip' wave function. For 0.6 < T/T c < 1 the cross 
sections for D*D, DD* and D*D* produced in the endothermic r] + J/ip reactions around 
their cross-section peaks are larger than the ones for D*Df, DD* + and D*D* + produced 
in the endothermic K + J/ip reactions, respectively. For 0.6 < T/T c < 1 the cross sections 
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for the 77 -charmonium dissociation reactions are larger than the cross sections for the tt- 
charmonium dissociation reactions. To the ip' and y c suppression in hadronic matter the 
77 + ip' and rj + Xc dissociation reactions may be neglected, but to the J/ip suppression the 
77 + J/ip dissociation reactions need to be taken into account. 
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Appendix A 


The numerical cross sections for the endothermic reactions in Figs. 3-13 and 18-23 
can be parametrized as 

fs - vV 


a 


unpol 


(75.0 = 0l (kL_7f») 


Cl 


exp 

C2 


, . /s- Vso, 

+<G [ - 7 - I ex P 


Ci II - 

C 2 ( 1 


h 

s ~ a/^0 


and for the exothermic reactions in Figs. 6-10, 12-17 and 20-21 


unpol ( r TO P' 2 f f ~ \/So\ 1 

O' P Ws,T) = | a i (- L — ) ex P 


h 


C2 


. \A - v^o , 

a 2 | - 7 - | exp 


Ci ^1 - 

c 2 ( 1 - 


s ~ y/$0 


h 

s ~ t/Sq 


with 



[s - (m 2 qq + m 2 c5 )] 2 - 4m^-J 

= i ■ 

( [s ~ + m 2 cq ) ] 2 - 
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Here cq, b \, ci, a 2 , b 2 and c 2 are parameters and yGo is the threshold energy. The 
parameter values are listed in Tables 1-6. We also list d 0 what is the separation between 
the peak’s location on the -y/i-axis and the threshold energy and which is the square 
root of the Mandelstam variable at which the cross section is 1/100 of the peak cross 
section. According to a procedure presented in Ref. ra we can get cross sections at any 
temperature from the quantities listed in Tables 1-6. 
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T2 prior 




Figure 1: ’Prior’ diagrams. Solid (wavy) lines represent quarks or antiquarks (gluons). 
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Figure 2: ’Post’ diagrams. Solid (wavy) lines represent quarks or antiquarks (gluons). 
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s 1/2 (GeV) 

Figure 9: Cross sections for K + x c —■> D* + D+ at various temperatures. 
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Figure 11: Cross sections for K + x c —>• D* + D* + at various temperatures. 
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Figure 13: Cross sections for r) + J/tj} —>• D* + D* at various temperatures. 
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Figure 21: Cross sections for rj + ?// —» D* + D* + at various temperatures. 
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Figure 22: Cross sections for rj + x c ► D* + D+ or D s + D* + at various temperatures. 
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Figure 23: Cross sections for rj + Xc —■► D* s + D* + at various temperatures. 
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1.2 



Momentum (GeV/c) 


Figure 24: Ratio for rj + J/ip D* + D and 7r + J/t/’ —> -D* + D as a function of the J/ip 
momentum. 
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Momentum (GeV/c) 

Figure 26: Ratio for rj + ^ —>■ D* + D and n + t// —>■ D* + D as a function of the t// 
momentum. 


45 








Table 1: Quantities relevant to the cross sections for the KJ/ip dissociation reactions. 


a i and a 2 are in 

dimensionless. 

units of mb; &i, 

b 2 , d 0 

and are in 

units of GeV; 

Ci and 

c 2 are 

Reactions 

T /T c 

(i\ 

bi 

Cl 

a 2 

b 2 

c 2 

do 


KJ/i> -)■ D*D+ 

0 

0.27 

0.03 

0.52 

0.1 

0.085 

2.63 

0.044 

4.52 


0.65 

0.418 

0.025 

0.52 

0.131 

0.082 

2.58 

0.035 

4.31 


0.75 

0.4 

0.012 

0.52 

0.45 

0.06 

1.53 

0.03 

4.18 


0.85 

0.27 

0.01 

0.52 

0.34 

0.056 

1.45 

0.03 

4.04 


0.9 

0.24 

0.011 

0.44 

0.29 

0.037 

0.74 

0.022 

3.84 


0.95 

0.42 

0.019 

0.42 

0.69 

0.01 

0.54 

0.012 

3.52 

KJ/ip ->■ 

0 

0.22 

0.024 

0.55 

0.12 

0.081 

2.77 

0.04 

4.81 


0.65 

0.23 

0.015 

0.55 

0.2 

0.066 

2.06 

0.034 

4.59 


0.75 

0.23 

0.009 

0.51 

0.36 

0.048 

1.31 

0.03 

4.41 


0.85 

0.235 

0.01 

0.51 

0.29 

0.049 

1.5 

0.029 

4.12 


0.9 

0.135 

0.01 

0.48 

0.118 

0.044 

1.2 

0.02 

3.77 


0.95 

0.25 

0.007 

0.59 

0.32 

0.011 

0.44 

0.0091 

3.46 

KJ/ip ->• £>*£>;+ 

0 

0.0065 

0.0179 

0.53 

0.0376 

0.339 

4.92 

0.3 

5.46 


0.65 

0.0088 

0.075 

0.9 

0.03 

0.27 

2.76 

0.25 

5.17 


0.75 

0.0006 

0.003 

0.36 

0.047 

0.21 

2.47 

0.23 

4.94 


0.85 

0.0092 

0.0111 

0.5 

0.021 

0.2158 

3.38 

0.22 

4.54 


0.9 

0.0052 

0.016 

0.46 

0.0064 

0.21 

2.57 

0.2 

4.31 


0.95 

0.215 

0.0034 

0.52 

0.101 

0.0134 

1.91 

0.0047 

3.58 
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Table 2: The same as Table 1 except for the Kip' dissociation. 


Reactions 

T/T c 

a i 

bi 

Cl 

®2 

b 2 

c 2 

do 


Kip’ ->■ D*D+ 

0 

0.038 

0.014 

0.45 

0.036 

0.214 

2.16 

0.019 

5.12 


0.65 

18.3 

0.0021 

0.42 

13.2 

0.013 

1.13 

0.0033 

3.93 


0.75 

11 

0.003 

0.45 

9.2 

0.011 

0.93 

0.0059 

3.82 


0.85 

5.52 

0.005 

0.55 

2 

0.007 

0.39 

0.0054 

3.68 


0.9 

3.4 

0.0022 

0.47 

3.17 

0.0089 

1.07 

0.0053 

3.57 


0.95 

2.45 

0.0019 

0.47 

1.7 

0.0069 

1.07 

0.0036 

3.4 

Kip' ->■ £>£>*+ 

0 

0.043 

0.017 

0.41 

0.033 

0.3 

4.59 

0.015 

5.09 


0.65 

6.4 

0.0075 

0.51 

1.24 

0.019 

1.29 

0.0091 

3.96 


0.75 

4.5 

0.0039 

0.53 

2.93 

0.016 

1.71 

0.0072 

3.85 


0.85 

2.35 

0.0036 

0.5 

0.91 

0.0116 

1.5 

0.0049 

3.78 


0.9 

1.35 

0.0019 

0.53 

1.01 

0.0083 

1.55 

0.0041 

3.59 


0.95 

1.45 

0.0014 

0.5 

1.12 

0.0056 

1.5 

0.0029 

3.36 

Kip' ->• 7)*D*+ 

0 

0.495 

0.02 

0.63 

0.103 

0.011 

0.29 

0.023 

5.01 


0.65 

2.3 

0.005 

0.51 

1.3 

0.018 

1.49 

0.0084 

4.26 


0.75 

2.01 

0.005 

0.49 

0.76 

0.014 

1.1 

0.0074 

4.07 


0.85 

0.445 

0.0033 

0.51 

0.208 

0.0132 

1.37 

0.0055 

3.83 


0.9 

0.214 

0.0031 

0.41 

0.082 

0.0028 

0.92 

0.0037 

3.62 


0.95 

1.2 

0.0011 

0.52 

1.11 

0.005 

1.55 

0.0028 

3.34 
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Table 3: The same as Table 1 except for the K\ c dissociation. 


Reactions 

T/T c 

Ci\ 

bi 

Cl 

®2 

h 

c 2 

do 


K Xc D*Df 

0 

0.445 

0.104 

2.05 

0.162 

0.035 

0.55 

0.1 

4.77 


0.65 

2.55 

0.049 

1.39 

0.83 

0.061 

0.71 

0.05 

4.21 


0.75 

4.3 

0.029 

1.21 

0.8 

0.081 

0.62 

0.03 

4.02 


0.85 

3 

0.016 

0.72 

0.73 

0.021 

2.6 

0.018 

3.73 


0.9 

2.1 

0.013 

0.65 

0.85 

0.017 

1.66 

0.014 

3.58 


0.95 

1.86 

0.01 

0.78 

0.71 

0.021 

1.99 

0.014 

3.38 

K Xc DD*+ 

0 

0.395 

0.102 

2.33 

0.158 

0.041 

0.55 

0.1 

4.98 


0.65 

1.5 

0.065 

1.4 

0.66 

0.044 

1.56 

0.059 

4.19 


0.75 

1.7 

0.03 

1.4 

0.98 

0.066 

2 

0.04 

4.04 


0.85 

0.72 

0.022 

1.75 

0.62 

0.019 

0.87 

0.02 

3.77 


0.9 

0.64 

0.013 

0.86 

0.271 

0.017 

2.32 

0.015 

3.6 


0.95 

1.04 

0.014 

1.8 

0.17 

0.005 

1 

0.013 

3.36 

K Xc D*D*+ 

0 

0.63 

0.09 

3.06 

0.09 

0.03 

0.68 

0.11 

5.22 


0.65 

0.645 

0.042 

1.61 

0.152 

0.029 

0.51 

0.04 

4.72 


0.75 

0.795 

0.03 

1.36 

0.188 

0.022 

0.45 

0.03 

4.44 


0.85 

0.233 

0.0099 

0.61 

0.103 

0.0238 

2 

0.014 

3.97 


0.9 

0.1 

0.0082 

0.69 

0.045 

0.0114 

2.88 

0.01 

3.73 


0.95 

0.59 

0.0087 

1.11 

0.189 

0.0139 

4.18 

0.01 

3.37 
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Table 4: The same as Table 1 except for the r\J/ip dissociation. 


Reactions 

T/T c 

CL\ 

bi 

Cl 

0 2 

h 

c 2 

do 


rjJ /"0 — » D*D 

0 

0.2 

0.034 

0.8 

0.343 

0.026 

0.44 

0.03 

4.18 

or DD* 

0.65 

0.49 

0.021 

0.46 

0.317 

0.047 

1.2 

0.035 

4.04 


0.75 

0.3 

0.013 

0.34 

0.767 

0.038 

0.74 

0.03 

3.94 


0.85 

4.7 

0.011 

0.4 

0.517 

0.01 

2.96 

0.01 

3.69 


0.9 

0.407 

0.009 

0.6 

0.21 

0.011 

0.4 

0.01 

3.57 


0.95 

0.18 

0.008 

0.5 

0.0167 

0.009 

1.3 

0.01 

3.38 

r)J/\{) -f D*D* 

0 

0.0213 

0.012 

0.53 

0.022 

0.27 

9 

0.015 

5.04 


0.65 

0.0547 

0.0116 

0.53 

0.021 

0.25 

7.1 

0.015 

4.68 


0.75 

0.16 

0.017 

0.5 

0.0113 

0.03 

3.6 

0.02 

4.35 


0.85 

0.83 

0.006 

0.48 

0.27 

0.017 

0.62 

0.01 

3.66 


0.9 

1.57 

0.006 

0.5 

0.263 

0.011 

1.17 

0.005 

3.48 


0.95 

0.407 

0.006 

0.54 

0.043 

0.02 

1.84 

0.005 

3.36 

i>Jh -> orfl, + 

0 

0.11 

0.049 

0.7 

0.008 

0.02 

0.2 

0.05 

4.91 

or 

0.65 

0.147 

0.04 

0.7 

0.0193 

0.05 

0.23 

0.04 

4.67 


0.75 

0.177 

0.039 

0.64 

0.0053 

0.001 

0.06 

0.04 

4.55 


0.85 

0.13 

0.041 

1 

0.0347 

0.006 

0.41 

0.03 

4.37 


0.9 

0.053 

0.031 

0.71 

0.0207 

0.02 

0.36 

0.03 

4.21 


0.95 

0.033 

0.024 

0.47 

0.008 

0.02 

0.8 

0.02 

4.01 

i,j/^ -> d,*-d; + 

0 

0.0109 

0.042 

0.56 

0.0293 

0.29 

5.5 

0.25 

5.18 


0.65 

0.0147 

0.034 

0.57 

0.0307 

0.27 

3.48 

0.24 

5.13 


0.75 

0.0128 

0.041 

0.59 

0.03 

0.26 

3.07 

0.24 

5.09 


0.85 

0.00267 

0.03 

0.56 

0.0207 

0.18 

1.79 

0.2 

4.82 


0.9 

0.00087 

0.04 

0.55 

0.006 

0.18 

2.03 

0.19 

4.53 


0.95 

0.003 

0.16 

1.72 

0.00087 

0.025 

0.46 

0.13 

4.29 
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Table 5: The same as Table 1 except for the q'lj)' dissociation. 


Reactions 

T/T c 

CLi 

bi 

Cl 

02 

b 2 

c 2 

do 


rji[)' —> D*D 

0 

0.019 

0.18 

2.9 

0.002 

0.013 

0.43 

0.2 

5.47 

or DD* 

0.65 

0.033 

0.084 

1.89 

0.0027 

0.039 

0.6 

0.08 

4.24 


0.75 

0.0293 

0.06 

1.31 

0.0063 

0.009 

0.51 

0.05 

4.1 


0.85 

0.0053 

0.05 

1 

0.0363 

0.01 

0.52 

0.01 

3.81 


0.9 

0.0243 

0.008 

0.5 

0.00133 

0.07 

3.1 

0.008 

3.63 


0.95 

0.0203 

0.008 

0.51 

0.00133 

0.02 

1.13 

0.0075 

3.41 

ml)' ->• D*D* 

0 

0.0377 

0.0115 

0.48 

0.0153 

0.189 

12.5 

0.01 

5.35 


0.65 

2.67 

0.0065 

0.6 

2.33 

0.0054 

0.45 

0.005 

3.98 


0.75 

1.27 

0.002 

0.5 

1.13 

0.008 

1.47 

0.005 

3.81 


0.85 

0.203 

0.013 

1.24 

0.167 

0.004 

0.46 

0.01 

3.67 


0.9 

0.057 

0.002 

0.55 

0.063 

0.01 

1.51 

0.006 

3.53 


0.95 

0.0257 

0.003 

0.47 

0.0293 

0.012 

1.14 

0.007 

3.37 

#' ->• D*~D+ 

0 

0.043 

0.011 

0.46 

0.0233 

0.25 

1.87 

0.02 

5.13 

or D~D*+ 

0.65 

1.07 

0.008 

0.4 

1.13 

0.014 

0.89 

0.01 

4.25 


0.75 

0.6 

0.011 

0.92 

0.67 

0.008 

0.39 

0.01 

4.14 


0.85 

0.233 

0.006 

0.48 

0.193 

0.011 

0.6 

0.01 

3.96 


0.9 

0.068 

0.008 

0.63 

0.0847 

0.013 

0.41 

0.01 

3.81 


0.95 

0.0253 

0.003 

0.37 

0.0453 

0.02 

0.88 

0.01 

3.68 

#' D*-D*+ 

0 

0.4 

0.01 

0.42 

0.333 

0.025 

0.62 

0.01 

5.03 


0.65 

0.333 

0.006 

0.33 

0.513 

0.012 

1.06 

0.01 

4.48 


0.75 

0.3 

0.005 

0.44 

0.207 

0.012 

1.14 

0.01 

4.33 


0.85 

0.057 

0.004 

0.45 

0.0153 

0.11 

6.43 

0.01 

4.22 


0.9 

0.00293 

0.005 

0.32 

0.0093 

0.09 

4.91 

0.07 

4.28 


0.95 

0.00407 

0.054 

4.43 

0.0014 

0.033 

0.14 

0.05 

4.08 
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Table 6: The same as Table 1 except for the rjx c dissociation. 


Reactions 

T/T c 

CL\ 

h 

Cl 

a 2 

b- 2 

c 2 

do 


VXc -»• d*d 

0 

0.107 

0.082 

1.1 

0.05 

0.033 

0.5 

0.05 

4.81 

or DD* 

0.65 

0.363 

0.03 

0.53 

0.0267 

0.05 

3.6 

0.03 

4.18 


0.75 

0.0267 

0.069 

1.15 

0.193 

0.02 

0.52 

0.02 

4.05 


0.85 

0.00373 

0.017 

0.43 

0.00147 

0.005 

0.74 

0.01 

3.86 


0.9 

0.000273 

0.041 

4.08 

0.000004 

0.001 

0.57 

0.04 

3.73 


0.95 

0.0004 

0.018 

1.71 

0.000097 

0.003 

0.52 

0.02 

3.38 

VXc d*d* 

0 

0.387 

0.096 

2 

0.14 

0.035 

0.59 

0.1 

4.89 


0.65 

1.57 

0.02 

0.7 

1.83 

0.04 

1.6 

0.03 

4.1 


0.75 

3.13 

0.014 

0.66 

1.23 

0.006 

0.4 

0.0099 

3.93 


0.85 

0.12 

0.0026 

0.52 

0.05 

0.009 

1.61 

0.004 

3.64 


0.9 

0.00035 

0.006 

0.55 

0.000013 

0.004 

4.4 

0.005 

3.55 


0.95 

0.00053 

0.02 

2.75 

0.00033 

0.01 

0.58 

0.02 

3.37 

TOc -> D'-Df 

0 

0.54 

0.11 

2.62 

0.087 

0.038 

0.95 

0.11 

4.94 

or D;D>+ 

0.65 

0.807 

0.06 

1.55 

0.1 

0.1 

0.56 

0.065 

4.46 


0.75 

0.7 

0.05 

1.43 

0.06 

0.02 

0.53 

0.045 

4.25 


0.85 

0.213 

0.02 

0.59 

0.0613 

0.03 

2.2 

0.023 

3.94 


0.9 

0.127 

0.014 

0.61 

0.018 

0.018 

0.24 

0.015 

3.81 


0.95 

0.0693 

0.008 

0.55 

0.0293 

0.019 

0.58 

0.01 

3.62 

we ->• ^r^: + 

0 

0.08 

0.06 

4.68 

0.087 

0.2 

0.83 

0.08 

5.33 


0.65 

0.233 

0.05 

1.36 

0.06 

0.3 

10.52 

0.045 

5.04 


0.75 

0.193 

0.04 

1.4 

0.04 

0.28 

11.95 

0.035 

4.79 


0.85 

0.0332 

0.023 

1.48 

0.0111 

0.24 

2.78 

0.02 

4.42 


0.9 

0.0048 

0.018 

1.49 

0.005 

0.13 

2.39 

0.02 

4.19 


0.95 

0.00257 

0.013 

1.52 

0.00473 

0.09 

2.02 

0.09 

3.87 
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